Complex IV in the respiratory chain of mitochondria and bacteria catalyzes reduction of molecular oxygen to water, and conserves much of the liberated free energy as an electrochemical proton gradient, which is used for the synthesis of ATP. Photochemical electron injection experiments have shown that reduction of the ferric/cupric state of the enzyme's binuclear heme a 3 /Cu B center is coupled to proton pumping across the membrane, but only if oxidation of the reduced enzyme by O 2 immediately precedes electron injection. In contrast, reduction of the binuclear center in the "as-isolated" ferric/cupric enzyme is sluggish and without linkage to proton translocation. During turnover, the binuclear center apparently shuttles via a metastable but activated ferric/cupric state (O H ), which may decay into a more stable catalytically incompetent form (O) in the absence of electron donors. The structural basis for the difference between these two states has remained elusive, and is addressed here using computational methodology. The results support the notion that Cu B [II] is either three-coordinated in the O H state or shares an OH − ligand with heme a 3 in a strained μ-hydroxo structure. Relaxation to state O is initiated by hydration of the binuclear site. The redox potential of Cu B is expected, and found by density functional theory calculations, to be substantially higher in the O H state than in state O. Our calculations also suggest that the neutral radical form of the cross-linked tyrosine in the binuclear site may be more significant in the catalytic cycle than suspected so far.
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oxygen reduction | electron transfer T he respiratory chain in the mitochondria of all eukaryotes and many prokaryotes terminates in cytochrome c oxidase (CcO), which conserves free energy from the reduction of O 2 to water by linking it to proton pumping across the mitochondrial or bacterial membrane (1, 2) . Oxygen reduction takes place at a binuclear center (BNC) consisting of a heme iron (heme a 3 ) and a copper ion (Cu B ) ( Fig. 1 A and B) (1-4). Electrons from cytochrome c are supplied to this site in succession via two other metal sites, Cu A and heme a (1, 2). Protons for consumption at the BNC, or to be pumped across the membrane, are taken from the negatively charged N-side of the membrane via the proton transfer pathways D and K, named after conserved aspartate and lysine residues, respectively (1) (2) (3) (4) . The D pathway has been proposed to be responsible for transferring all of the pumped protons, plus 2-3 "chemical" protons for consumption in O 2 reduction, whereas the K pathway is suggested to carry the remaining 1-2 chemical protons to the BNC (5) . The D pathway terminates at a highly conserved glutamic acid residue in subunit I, E242 (numbering based on the bovine heart enzyme). From here the protons to be pumped across the membrane are suggested first to be carried to a pump site (also called a protonloading site, PLS) in a redox-dependent manner (6) (7) (8) (9) (10) . The proton at the PLS is generally agreed to be ejected to the positively charged P side of the membrane by electrostatic repulsion from uptake of a chemical proton into the BNC, as suggested independently by Morgan et al. (11) and Rich (12) .
The main features of the catalytic cycle of CcO are fairly well established (Fig. 1C) . Low-temperature work by Chance et al. (13) identified the O 2 adduct of heme a 3 (compound A), and partial reversal of the catalytic reaction in mitochondria (14) helped to establish the subsequent intermediates P and F, both of which turned out to have heme a 3 in the ferryl state (1, 2, 15, 16) . A conserved tyrosine in the BNC is covalently bonded to one of the three histidine ligands of Cu B , and forms a neutral tyrosine radical in state P M (Fig. 1 A and C) (2). The P R state differs from P M in having one more electron in the BNC (Fig. 1C and Fig. 2 ). P R is formed directly after state A when the fully reduced (thus the R subscript) enzyme reacts with O 2 , and its structure may formally be written as shown in Fig. 1C (2, 17, 18) . The next state of the BNC, called F (or F H here, Fig. 1C ), differs from P R only by an additional proton, by which the unusual electron paramagnetic resonance (EPR) characteristics of the P R state are lost (2, 19, 20) . Recent infrared experiments have suggested that the cross-linked tyrosine in the BNC is anionic in both states P R and F (21), on which basis we concluded that the extra proton in the F state is used to form water from the OH − ligand of Cu B (2, 17) . Consequently, this water molecule is often formally drawn as a ligand of Cu B in state F (17), but it may well dissociate from the copper (in which case we call it state F H here; Fig. 2 ), which is one of the issues analyzed in the current work.
The Metastable O H State
Further transfer of one electron and one proton to the BNC in the ferryl/cupric state F leads, in addition to translocation of one proton across the membrane (2) , to formation of the ferric/cupric state. The ferric/cupric form of the BNC of "as-isolated" CcO (often called O, for oxidized) cannot be a true catalytic intermediate for several independent reasons (see below in this section), and must therefore be preceded by a metastable activated form of the ferric/cupric site (22, 23) the O state could hardly be coupled to effective translocation of 2 charges/e − against a proton electrochemical gradient of at least 0.15 V across the membrane due to the low redox potential (E m,7 ≤ 0.4 V) of state O (2, 26). Second, the sum of the individual free energy changes of the partial reactions of the catalytic cycle, determined at equilibrium, falls considerably short of the overall free energy change of the net reaction, viz. that of O 2 reduction to water (2, 26) . Again, this shortfall is due to the low E m,7 values of the O→E and E→R transitions found in equilibrium titrations. All these observations suggest involvement of a metastable activated form of the BNC (O H ) during turnover that has a high E m,7 , and that decays into a lower energy state O when an electron donor is lacking (e.g., during enzyme isolation).
It has turned out to be difficult to trap the metastable O H state to study its structure, lifetime, and how it differs from state O (27, 28) . However, electron photo-injection experiments indeed showed that Cu B has a raised redox potential in the O H state: the E m,7 is at least 100 mV higher than the corresponding potentials of hemes a and a 3 (25, 29 −1 is indicative of a distal heme iron-bound hydroxide that is strongly hydrogen-bonded. The data also showed that the ferric heme iron is high spin in this state, which is consistent with the strongly hydrogen-bonded distal hydroxide. A state with hydroxide-liganded high-spin ferric heme a 3 is therefore a possible candidate for state O H (17), as concluded originally (31), and this is the rationale for the subscript H (but see footnote in Table  1 ). The half-life of the 450 cm −1 species was ∼1 ms (31), which is too short for the O H state. However, this short lifetime may only be apparent, because of exchange of the isotopically labeled hydroxide ligand with water (31) . Preliminary data by Han et al. (31) indicated that the ferric hydroxide species was no longer present on a seconds time scale, which would considerably reduce the upper lifetime limit for O H if identical to the ferric hydroxide species, and also tends to exclude a hydroxide ligand of heme iron in the O state. Early spectroscopic data indicated that heme a 3 iron is six-coordinated high-spin ferric in state O (32), which suggests that the distal ligand is water. Table S2 ). Diffusion of a water molecule toward Cu B , structural relaxation (expansion) of the active site, and hydrogen bonding rearrangements (all depicted as a dashed vertical arrow) would lead to the formation of O from O H .
Rationale
Taken together, the experimental evidence suggests that the BNC in the catalytically relevant O H state may have high-spin ferric heme a 3 with a strongly hydrogen-bonded distal hydroxide ligand, and cupric Cu B with a raised redox potential. The crosslinked tyrosine is unprotonated (21) so that the cupric Cu B will have either a water molecule as the fourth ligand or no fourth ligand at all. The reason for this is that the oxidation of the fully reduced enzyme is coupled to net uptake of no more than two protons, which occurs in the steps P→F and F→O (Fig. 1C) . The current work was spurred by the observation of a near-planar T-shaped geometry for Cu B (Fig. 1 A and B) with its three nitrogenous histidine ligands (3, 4) , by the known rather T-shaped tris-histidyl copper (Cu H ) coordination in the enzyme peptidylglycine α-hydroxylating monooxygenase (33) , and by the recognition of the fact that inorganic cuprous complexes prefer a three-coordinated planar geometry, whereas cupric complexes prefer a higher coordination number (34) (35) (36) . Due to this preference, a near-planar three-coordinated form of Cu B [II] would be expected to have a much higher E m,7 than the four-coordinated variant, a prediction that is reminiscent of an earlier "rack" hypothesis (36) . If so, the requirements of a raised E m,7 of the O H state and the experimental observation of an elevated E m,7 of Cu B in that state would all be satisfied. We therefore decided to test this hypothesis using computational methodologies.
Results
Based on the above rationale, the O H /O difference might simply relate to the absence/presence of a fourth oxygenous ligand of Cu B . To test this possibility we constructed model systems corresponding to the two states (O H and O), and their precursors F H and F, as described in Methods (SI Methods). We then systematically compared the properties of the binuclear site structures in these states. In addition, we calculated redox potentials-that is, we gathered information on the relative electron affinities of these states by analyzing the corresponding structures with an additional electron (i.e., F R , O R vs. F H,R , O H,R ), but before subsequent protonation. These latter states may be considered putative intermediates between states F(F H ) and O(O H ), and between O(O H ) and E(E H ), in the catalytic cycle (Fig. 1C) . The total charge and spin of the model systems tested are listed in Table S1, and Table 1 (Fig. 2 and Fig. S1 ), the O H state is still 9-17 kcal/mol higher in free energy than the O state.
Geometric analysis of the optimized structures of the different redox states (Table S2) shows a root mean square deviation of ≤0.7 Å after superposition, which suggests high overall structural similarity. (Table S2) , are also in agreement with previously reported bond lengths in similar systems (38) (39) (40) .
Redox potentials calculated for the lowest energy states are listed in Table 2 . Even though such density functional theory (DFT) calculations are challenging (41, 42) (Fig. S1 , see also Table S2 ) in such a way that the formal structure should (Table 2) . Such a scenario is not possible in the O H states, where no water molecule ligates the Cu B ion, which thereby maintains planarity and a high redox potential (but see below in this section). In support of our computational results, elevated Cu(II)/Cu(I) redox potentials, ≥0.7 V vs. normal hydrogen electrode (NHE), are in fact known for rare examples where synthetic coordination complexes with copper ion are found to be ligated by three neutral nitrogenous ligand donors in a three-coordinate nearplanar coordination geometry (35, 43, 44) .
Analysis of the electronic structures of the O H and O states also reveals critical differences. The extensive delocalized spin density on the cross-linked tyrosine in the O H states is markedly different from the near absence of such spin density on the same moiety in the O states (Fig. S2 and Table S3 ). Consequently (although not shown in Fig. 1C) , the Cu B system in the O H state may have significant characteristics of a cuprous/neutral tyrosyl radical state, which may contribute to its higher free energy and higher redox potential. Overall, analyses of energies (Table 1) , redox potentials (Table 2) , and geometrical data (Table S2 ) together suggest that the likely reasons for the higher free energy and higher redox potential of the O H state relative to state O are geometrical as well as electronic in nature.
To understand why the metastable O H state would preferentially form in the catalytic cycle, instead of the lower energy O state, we also analyzed the preceding F state of the catalytic cycle, as well as its one-electron reduced derivative (F R ). In contrast to the large energy differences obtained between the O H and O states, the difference between the F and F H states is much smaller, ca. 5 kcal/mol (Table 1) , and only around 2-3 kcal/mol when entropic effects are included (37) . Due to near degeneracy of the F H and F states, they would be equally favored from a thermodynamic viewpoint. However, the higher redox potential of the F H state (Table 2) , and hence the higher driving force, may render it kinetically more competent than F in accepting the electron. Geometric analysis (Table S2) suggests that the water molecule is indeed weakly bonded to the Cu B ion in different spin states of F, with d(Cu-O) ∼ 2.2 Å (45, 46) . In contrast, in forming the O state, the copper-bound water is effectively stabilized as a strongly bonded hydroxide ligand due to proton transfer to the distal OH − ligand of iron, as depicted in Fig. 2,  Fig. S1 , and Table S2 .
The spin density analysis of the O/F and O H /F H states and their one-electron-reduced counterparts, O R /F R and O H,R /F H,R , revealed some further interesting details. Upon one-electron reduction of O H to O H,R , the electron transfer primarily occurs to the neutral tyrosine radical, whereas it takes place to Cu B [II] in the case of reduction of state O (Table S3 ). This is likely one of the reasons for the large redox potential difference observed between the redox couples O H /O H,R and O/O R ( Table 2) . Similarly, there is more spin density on the active site tyrosine in the two low-energy F H states, relative to the corresponding spin states of F (Table S3) . Hence, F H may at least in part be characterized as Fe[IV] = O Cu[I], Tyr-O*, where the copper is reduced and the tyrosine is in the form of the neutral radical. When this state receives an electron to yield F H,R , the lowest energy states all have contributions from Cu[I] and Tyr-O − , indicating that a significant part of this process has been the transfer of the electron to the tyrosine (Table S3 ). In contrast, the lowest energy F R state is one where part of the reduction has occurred on the heme iron (
, allowing local protonation of the oxo ligand by the water ligand of the copper.
The above results are in good agreement with the expected structure of state O H , but a detailed structural analysis yields an unexpected result. In the O H 3 state the heme iron is slightly pulled out of the heme plane in the distal direction, and the copper is also pulled toward the iron, so that a weak bond may be formed between the ferric OH ligand and the copper (Fig. 2 and Table S2 ). Such a μ-hydroxo bridge between iron and copper has been anticipated in the past for the BNC, and model compounds of this kind have been produced (47, 48) . Note that this state no longer conforms to the idea of three-coordinate cupric copper, nor to a planar copper geometry, and that the distance between the proximal histidine nitrogen and heme iron has lengthened considerably (Table S2 and Discussion).
The above analysis does not address the issue pertaining to the lifetime of the O H state. To be coupled to proton translocation, the O H state must receive an electron to form E H before it relaxes to the O state. The O H →O relaxation would hence have to have an activation energy barrier of at least ∼16 kcal/mol at 310 K. According to our model of O H , the relaxation barrier would comprise at the least hydrogen-bonding rearrangements as well as diffusion of a water molecule (49) toward Cu B. Structural rearrangements (50) may further be required, and the calculated optimum structure of the O H 3 state indeed exhibits a much tighter BNC than those found in the crystal structures (3, 4, 51) , the Fe-Cu distance being only 4.01 Å (Table S2 ). The thermodynamic costs associated with the H-bonding and structural rearrangements are likely to contribute to the lifetime of O H (SI Methods), which would be significantly longer if a water molecule is recruited from outside the catalytic cavity (49) . Finally, when considering the lifetime of the O H state and its relaxation to state O, it should be noted that the latter could be a catalytically relevant state in which the proton-translocating efficiency is reduced, for example under conditions of a high protonmotive force (8) .
Discussion
The structural basis of the heterogeneity of the oxidized CcO, especially the difference between the form encountered immediately after oxidation of the reduced enzyme by O 2 (O H ) and the as-isolated form (O), has so far escaped recognition. A previous spectroscopic study on the bovine heart enzyme revealed no difference between the two states (27) . However, in that study the observed rate of reduction of the BNC in the presumed O H state was much slower than reported in ref. 52 for the bovine and in ref. 29 for the Paracoccus enzyme.
Based on the known chemistry of inorganic copper complexes and the available experimental observations, we have here considered the simple hypothesis that state O H may be a dehydrated form of state O such that Cu B [II] is three-coordinated planar in the former case, but has a fourth oxygenous ligand in the latter. This hypothesis was tested by DFT calculations.
With the exception of unlikely S = 0 states, and after correction for an entropy change due to water dissociation, the calculated free energy of the O H states lies ca. 9-17 kcal/mol higher than for states O (Table 1) , in good agreement with O H being an "activated" metastable form of the ferric/cupric center. Moreover, due to trigonal near-planar geometry of Cu B , the cuprous form is favored over the cupric, and the redox potential of the O H /O H,R couple is much higher than for the four-coordinated O/O R couple (Table 2) . It is important to note that these calculated redox potentials differ substantially from the experimentally determined values (26) due to the fact that the latter are equilibrium potentials where charge compensation by protonation has occurred. The calculated O H /O H,R redox potentials are consistently ∼0.4 V higher than for the O/O R redox couples, which is in accord with the experimental observations of an elevated redox potential of Cu B in the O H state (29, 52) . The 0.4 V higher redox potential of the activated form solves the dilemma, at least in part, of an apparently far too low redox potential of the O→E transition to be consistent with proton pumping, and with the overall energetics of the catalytic cycle (2) (see The Metastable O H State).
The notion of a trigonal near-planar Cu B in the F H and O H states has additional interesting corollaries. Electron transfer to the BNC in the P M state is primarily expected to yield P R (Fig.  1C) , even though this has not been explicitly shown in experiments (2, 17) . Instead, P R is known to form directly from intermediate A in experiments where the fully reduced enzyme reacts with O 2 (opening paragraphs); at the same time, the PLS is loaded by an internal proton transfer from E242 (2) (not shown in Fig. 1C) . The notion of a neutral radical form of the cross-linked tyrosine is strong for state P M (17) , and the electron transfer to this state reduces the radical to the tyrosinate anion in P R : Resonance Raman, EPR, and infrared spectroscopic data prove that P R has ferryl heme iron, cupric copper, and tyrosinate, respectively (see references in refs. 2, 17). P R is well known to be followed by proton uptake from the solution to form state F. Here, our DFT calculations suggest that if the water molecule formed in this reaction dissociates from Cu B (forming F H ; Figs. 1C and 2), the tyrosine tends once again to have some characteristics of a neutral radical (Table S3 ). The next electron input would in part occur to this radical (to yield F H,R ), followed by net proton uptake to yield the O H state. Even in state O H at least part of the population seems to have reduced Cu B and a neutral tyrosine radical (Table S3 ). Hence, the O H state may differ from O, not only with regard to the coordination of Cu B but also with respect to the redox nature of the tyrosine and copper. Altogether, our results suggest a more central role in catalysis of the neutral radical state of the cross-linked tyrosine than previously expected.
FTIR data (21) suggested that the cross-linked tyrosine is a deprotonated tyrosinate in both the F and O states. The proton taken up into the BNC upon reduction of state F is thus likely to form a ferric heme a 3 hydroxide (Fig. 2) , which agrees very well with the resonance Raman data of Han et al. (31) , according to which the hydroxide ligand is strongly hydrogen-bonded to yield the Raman resonance at 450 cm −1 and a high-spin ferric heme (S = 5/2). We assume that the hydrogen bonding is to one or two water molecules between the hydroxide and the tyrosinate (51) (Fig. S1) . Interestingly, the most likely states corresponding to our view of O H have high-spin ferric heme iron (S = 5/2) and Cu B [II] (S = 1/2), for which we have calculated the ferromagnetically coupled form (S = 3; Table S3 ), but the antiferromagnetically coupled form (S = 2) is likely to have very similar energetics and structural properties (Table S4) . Unexpectedly, this form of O H appears to be a μ-hydroxo-bridged compound with a very compact BNC. Thus, Cu B actually has a weak fourth ligand that it shares with the high-spin heme iron, the copper geometry is no longer planar, the iron is pulled out of the heme plane on the distal side, and the distance between Fe and the proximal histidine nitrogen is very long (Table S2 ). In this case our original hypothesis of a three-coordinated Cu B in the O H state fails, and this state is instead "strained" with a very short distance between Fe and Cu. The heme iron appears to be five-coordinated as anticipated from μ-hydroxo-bridged models of the BNC (47, 48) . However, the Raman bands typical of five-coordinated high-spin hemes (53) are not observed in the spectra of the ferric heme a 3 hydroxide intermediate described by Han et al. (31) , which suggest six-coordination in that state. The true structure of state O H may thus be a compromise where the bond still persists between the iron and the proximal histidine nitrogen.
The calculations presented here do not address the existence of a similar activated E state. The experimental evidence for E H is not as strong as for O H (24, 25) , and part of the driving force for the proton pumping E/E H →R reaction is likely to emerge from the exergonic R→P M transition (∼-10 kcal/mol based on ref. 54) .
In summary, the primary finding here is that a subtle change in the hydration of the BNC could account for the difference between the metastable catalytically active O H state and its lowenergy counterpart, state O. The high energy of O H and high redox potential of Cu B in that state may stem from a threecoordinated near-planar geometry of Cu B [II] . Alternatively, the BNC may be compact in state O H with a very short Fe-Cu distance, a μ-hydroxo ligand bridging the two metals, and Cu pulled out from the plane of its nitrogen ligands. Finally, our DFT data suggest that a contributing reason for the high redox potential of the F H and O H states may be that the tyrosine has some characteristics of the neutral free radical, and that this state of the cross-linked tyrosine is more important than considered previously. Validation or falsification of our hypothesis requires further spectroscopic studies of the O H state. It may be of particular interest to search for Raman evidence for a lengthened Fe-N bond to the proximal histidine, to test whether the lifetime of the ferric heme a 3 -hydroxide species (31) extends beyond the 100 ms domain, and whether a partial tyrosine radical/cuprous copper feature can be distinguished by EPR. An extended X-ray absorption fine structure (EXAFS) study of the ligands of Cu B would also be of interest, but would require a heme-copper oxidase variant in which the Cu A center is lacking.
Methods
The details of DFT calculations are presented in SI Methods. 
